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1. INTRODUCTION 
In 1964, the world was first introduced to the idea of 
quarks as fundamental constituents of matter CGell-Mann 
1964, Zweig 19643. The existence of three types or flavors 
of quark were proposed to provide a an abstract organization 
of the hundreds of so-called elementary particles. These 
flavors are called "up", "down", and "strange" and denoted 
"u", "d", and "s" respectively. The quark picture explains 
elementary particles as bound states of quarks and their 
antiparticles (denoted û, d, and i). Quarks and antiquarks 
are fermions with spin 1/2. Bound states of the form qq (q 
denotes a quark of undetermined flavor) are mesons, and 
states of the form qqq (qqq) are baryons (antibaryons). 
Strong interactions are characterized by conservation of 
quark flavors and weak interactions are flavor changing 
processes. The quark picture puts strong interactions on a 
firm footing and provides an explanation of the 
relationships between elementary particles previously 
observed by the "eightfold way" CGell-Mann 19623, which was 
an earlier theory of elementary particles. However weak 
interactions, specifically the absence of flavor changing 
neutral currents in particle decay, require the existence of 
at least one additional quark flavor CBjorken and Glashow 
1964, Taryanne and Teplitz 1963, Hara 1964, Glashow et al. 
19703. This fourth quark flavor is now called "charm". 
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Table 1.1 lists the properties ascribed to these four types 
of quark. 
Table 1.1. Some quarks and their quantum numbers 
Flavor u d s c 
Charge +2/3 -1/3 -1/3 +2/3 
Isospin 1/2 1/2 0 0 
I3 +1/2 -1/2 0 0 
Strangeness 0 0 -1 0 
Charm 0 0 0 1 
In 1974, ten years after the introduction of the quark 
model, the J/V resonance was discovered almost 
simultaneously in hadronic interactions at Brookhaven 
laboratory CAubert et al. 19743 and in e*e" colliding beams 
interactions at SLAC [Augustin et al. 19743. This resonance 
is somewhat too heavy and far too narrow to be explained 
within the older three quark scheme. The J/^ was therefore 
identified as an bound state of a charm quark and its 
antiparticle, written cc, where c denotes the charm quark. 
This marks the first observation of charm. Because the net 
charm of this resonance is zero it is called "hidden" charm. 
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The observation of "hidden" charm and the hypothesis of 
the existence of a fourth quark flavor immediately provides 
a clear prediction of the existence of new particles which 
contain "open" charm, i.e. combinations of a charm quark (or 
antiquark) with the other three types of quark. Since the 
strong force preserves the quark flavors, particles of this 
type can decay via the strong force only to other open-charm 
states. Thus, relatively light open-charm states, with no 
licrhter open-charm states to decay into strongly, will be 
able to decay into non-charm states only via the weak force. 
In this reaction, the charm quark decays into a lighter 
quark. One signature of weak decays is a lifetime of the 
order of 10"^^ seconds, ^ ereas strong decays have lifetimes 
of the order of 10*^^ seconds. Many of these weakly 
decaying charm states have been observed in e^e colliding 
beams and some in pp colliding beams. TaQjle 1.2 lists 
some quark combinations which include a charm quark, and 
some current information about them. 
In this experiment, we strive to observe some of these 
charm particles in proton-proton interactions. One ma-jor 
problem in this search is the large background of non-charm 
states produced in proton-proton events. Charm production 
will turn out to be only one tenth of one percent of the 
interaction cross section. The first step in combating this 
problem of background is the choice of the negative K meson 
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Table 1.2. Some charm quark combinations and current 
information about them CBiaqi et al. 1983, Biagi 
et al. 1984, Partical Data Group 19843 
quark mass lifetime decay branching 
content (MeV/c ) (sec x 10 ) modes fraction 
(percent) 
cu (DT) 
cd (D+, 
1864.7 
± 0 . 6  
2007.2 
±2.1 
1869.4 
±0.6 
4.8 
<<0.1 
9.2 
IpX-
. -K. ir IT ir ir 
e+X 
2.4±0.4 
9.3±2.8 
4.6±1.4 
5.3+2.9-1.3 
55±15 
45+15 
4.6+1.1 
<4 
19+3-4 
(D*+, 2010.1 
±0.7 
<<0.1 g:;: 64+11 28±9 
cs (F"*") 
cud I) 
cuu (2^^) 
C 3 U  ( A ^ )  
2021 
±15 
2282.0 
±3.1 
2453 
2460 
1.9 
2.3 
<<0.1 
4.8 
p $ 
pK'w* 
AK-*+n+ 
(seen) 
(seen) 
(seen) 
2.2±1.0 
1.1±0.7 
4.5±1.7 
(seen) 
(seen) 
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as a trigger for the events to be recorded. The K~ 
chosen because its quark content is sd. Neither of these 
quarks appear in the quark composition of the proton, which 
has a quark content of uud. Thus, the K is produced 
entirely from quarks which must either be created in the 
interaction or produced in the weak decay of heavier charm 
particles. A second necessary step is to observe some 
distinctive feature of a charm decay CNussinov 1975]. For 
example, the D*"*" decays into releasing only about 5 MeV 
of kinetic energy. This extremely low Q-value provides 
useful kinematic constraints which help in the observation 
of the and the D° which subsequently decays weakly into 
There has been much controversy over charm production 
cross sections measured at ISR energies CKernan and VanDalen 
19843. Several experiments appear to be in serious 
contradiction with each other. The observed cross sections 
for charm production at the ISR appear to exceed the limits 
imposed by other measurements, some of which were made by 
the same experiments that measured productions cross 
sections for charm. 
Figure 1.1 shows some estimates of the total charm meson 
production cross sections derived from the results of 
various experiments. The data shown have many assumptions 
6 
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Ficrure 1.1. Estimates of a(pp -» D+X) CKernan and VanDalen 
1984] 
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in their generation and are derived from the measured 
production cross sections of different particles. These 
data do have in common the fact that all measure some part 
of the cc production cross section in hadronic processes. 
Some points have been moved slightly in energy in the 
interests of clarity. Crosses indicate proton-proton data 
and open boxes indicate pion-nucleon data which have been 
corrected for the quark content of the pion. The two points 
around 62 GeV are derived from measurements of the 
production cross section [Basile et al. 1981, Geist 19823 by 
assuming the production cross section is approximately 
the same as the production cross section. Thus these two 
points are estimated as simply twice the D° production cross 
section. The point for the LEBC experiment is based on a 
detailed analysis of 29 charm decays observed in that 
experiment CAguilar-Benitez et al. 19833. The e/ir limit 
shown represents the maximum possible charm meson production 
cross section which is consistent with measurements of the 
electron to pion ratio. This limit is obtained by 
subtracting known sources of electron production, such as 
the decays of the p, w. $, and from the observed flux of 
electrons and attributing the remaining flux to the decay of 
charm particles CKernan and VanDalen 19843. It is 
worthwhile to note that this limit depends heavily on the 
measurements of the semi-leptonic branching fractions for 
charm particles. 
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The data point shown for this experiment is derived from 
our measurement of the total production cross section. 
For reasons which will be discussed later the total meson 
production cross section is estimated as twice our 
measurement. Our data seem to contradict the unreasonably 
rapid rise in the charm production cross section indicated 
by other experiments. Our data also provides a measurement 
of charm production consistent with the limits imposed by 
e/ir measurements. 
In the following sections, we describe the various 
aspects of this experiment. In section two, both the 
detector and the ISR itself will be described. Section 
three summarizes the data taken for this experiment. 
Section four describes the reconstruction programs used with 
this detector and outlines their use in this experiment. 
Finally, sections five cind six show analysis for this 
experiment and the conclusions reached. 
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2. EXPERIMENTAL APPARATUS 
2.1. The ISR 
The CERN Intersecting Storage Ring <ISR) first began 
colliding beams on January 27, 1971 and achieved design 
luminosity of 4x10^° cm ^sec ^ in December 1972 [CERN 
Courier 15843. In the past several years, luminosities of 
2x10^^ cm""sec"^, nearly an order of magnitude higher than 
the original design, have been routine. After 13 years, the 
CERN ISR experiment committee met for the last time at the 
end of 1983, and the ISR was closed in the spring of 1984 
The ISR consists of two ring-shaped beam lines each 
about 300 meters in diameter [CERN Public Information Office 
19743. The beam lines each consist of an elliptical 
'160x52 mm) vacuum pipe surrounded by electromagnets, which 
deflect the protons such that they follow the vacuum pipe. 
The two beams intersect each other at eight interaction 
regions symmetrically placed around the rings. The opening 
angle between the two beams at an intersection point is 
about 14.8 degrees. This forms the distinctive outline of 
the ISR which can be seen in Figure 2.1. The vacuum in the 
beam line is maintained at better than 10"^^ torr. The 
vacuum in the intersection regions is maintained at 
approximately lO"^* torr. This extraordinarily high vacuum 
10 
is necessary to reduce beam-gas interactions, which are an 
annoying source of background, and which decrease the useful 
lifetime of the circulating beams. 
INTERSECTING 
STORAGE 
RINGS 
Intersection region 
BOOSTER 
Ring II 
TT 1 1-2 PROTON 
SYNCHROTRON 
Ring I 
100 m 
LIN AC 
Figure 2.1. Outline of beam lines (Aiich form the ISR and 
supporting machines 
To fill the rings, an initial proton beam of 550 KeV/c 
is generated by a Cockcroft-Walton generator. This beam is 
accelerated in a linear accelerator to 50 MeV/c and injected 
into a Booster Synchrotron. This synchrotron accumulates 
protons in order to increase the bunching from 10® 
protons/bunch to 10^^ protons/bunch. The momentum is 
increased to 800 MeV/c, and the beam is then inlected into 
the Proton Synchrotron (PS). The beam is accelerated to 
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either 11.8 GeV/c or 26.5 GeV/c depending on the particular 
experiments. This experiment used 26.5 GeV/c. Finally, the 
beam is injected into the ISR. Each pulse represents an 
electric current of 100 to 150 mA in the ISR. Several 
hundred pulses are injected into the ISR to produce a final 
current of up to 44 amperes/beam. Because of the need for 
background reduction, 30 amperes/beam is more typical for 
physics experiments like this one. Each pulse of protons 
enters in the same injection orbit. The protons in the 
pulse are then redistributed uniformly around the ISR to 
generate a continuous beam of protons. Finally, the beam is 
accelerated slightly to move it radially outward from the 
injection orbit to the stack. When the stacking is 
complete, both beams are accelerated to 31.4 GeV/c. The 
cross section of the beam measures 4.0 cm horizontally and 
0.4 cm vertically [Vein der Meer 19683. Because of the 
finite beam-beam intersection angle, the intersection 
regions are diamond shaped and are 50 x 5 x 0.4 cm in size. 
The luminosity of the ISR was approximately 10^^ cm ^sec ^ 
for this experiment-
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2.2. The SFM Detector 
2.2.1. Detector requirements 
This experiment was performed, on the Split Field Magnet 
(SFM) detector which is situated at intersection region 
number four of the ISR CHeiden 1982, Minten 19723. In order 
for any detector to operate at an ISR intersection region, 
it must meet some obvious requirements [Bouclier et al. 
1974, Bouclier et al. 19753. Since the ISR is a storage 
rincr, the beams must pass through the magnetic field of the 
detector without significant distortion. Secondly, the high 
luminosity requires the detector to operate at high rates, 
in this case approximately 1 MHz. Since the laboratory 
reference frame is almost the center of mass reference 
frame, a full 4ir steradian acceptance is also necessary for 
a aeneral purpose detector. This is in contrast to a fixed 
tarcret experiment in which the Lorentz boost from the center 
of mass to the laboratory frame collimates the outgoing 
particles into a narrow angular region. For this 
experiment, the average charged track multiplicity is 14, so 
good multitrack efficiency is also necessary. Finally, in 
order to search for the rare charm events with the high data 
rates, the system must provide its own timing and triggering 
signals. 
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2.2.2. The macmets 
The magnets in the SFM detector consist of the "split 
field magnet" itself and four smaller compensator magnets. 
The split field magnet measures 10.3 by 3.5 meters with a 
height of 7.2 meters. It is composed of 840 tons of iron 
and 42 tons ot copper. This material is divided into two 
iron yokes with copper conductors on the inner surface to 
generate the magnetic field. The upper yoke is suspended 
1.1 meter? above the other by four pillars to form the 
detector volume between them. Coils are arranged such that 
magnetic flux lines pass through the detector volume twice, 
once in each direction. At the center of the detector 
volume, where the proton beams intersect, the field strength 
is zero as the magnetic flux lines change from one direction 
to the other. Thus, as the proton beams pass through the 
magnetic field they experience nearly equal deflection in 
each direction. The remaining distortions are corrected by 
the compensator magnets located around the incoming and 
outgoing beam lines. 
The field was measured at 25,000 places in one quadrant 
with the tield in the three other quadrants being determined 
by the symmetry of the detector. These measurements were 
then parameterized using third degree polynomials which obey 
Maxwell's equations. This was done in 5,000 separate three 
14 
dimensional cells using a total of 80,000 coefficients 
CMetcalf 19743. This produces a representation of the field 
with an accuracy better than that provided by the wire 
spacing of proportional chambers. 
2.2.3. The chambers 
The region between the magnet poles is filled with 
multiwire proportional chambers (MWPC) [Bouclier et al. 
1975, Bell et al. 1978, Fischer et al. 19753. These 
detectors are arranged into a central and two forward 
recrions. The central chambers are positioned to detect 
particles leaving the intersection region at high angles, 
largely transverse to the incident beams. The forward 
récrions surround the incoming and outgoing beam pipes to 
detect particles produced at smaller angles to the beams. 
These forward regions include the chambers located inside 
the compensator magnets on the outgoing beam line. Pig 2.2 
shows a cutaway view of the detector in which the upper 
magnet yoke and the near forward detector are removed. 
Because of the limited space inside the magnet these 
multiwire proportional chambers were constructed using a 
frameless self-supporting foam sandwich design [Bouclier et 
al. 19743. Polyurethane sheets provide physical support for 
the chambers. These sheet are coated with 10 micrometers of 
15 
Forward detector 
Central 
Beam 2 i-j:: 
Beam 
Ficaire 2.2. Cutaway view of SFM magnet and Detector 
silver which serves as the cathode plane. This design has 
the disadvantage of putting more material than desirable in 
the active region of the chamber. There is approximately 
0.6 gm/cm^ rather than the typical few mg/cm^. The major 
advantage of the technique is that the frame is only 0.5 cm 
thick allowing maximum use of the space between the magnet 
poles. 
In the central region, wires are spaced 2 mm apart at a 
distance of 8 mm from the cathode plane. The chambers in 
the forward regions have a 4 mm wire spacing and 5 mm gaps 
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between the wires and the cathode. These wires are 20 
micrometers in diameter and composed of gold plated 
tungsten. Each chamber contains a few planes of vertical, 
horizontal and inclined wires. Table 2.1 lists the chambers 
in the detector, the number of planes of wires in each 
orientation and the wire spacing of these planes. Figure 
3.2 shows the arragement of the wire chambers in the 
detector volumne. Inclined wires are positioned 15 degrees 
from the vertical in either direction. These inclined 
planes of wires are used to resolve ambiguous space points 
which arise when multiple tracks pass through the same 
chamber. Some chambers have a cathode plane made of high 
voltage strips inclined at 30 degrees which are also read 
out and used for the resolution of ambiguities [Fischer and 
Plch 19723. 
Support lines, perpendicular to the sense wires, occur 
every 50 cm. These lines compensate for displacement by 
electromagnetic forces. The support lines create 
inefficient regions in the chambers. These regions are 2 
millimeters wide and follow the support lines. The 
variation in the sense wire spacing is less than 0.2 mm and 
the variation in gap distance is less than 0.3 mm. These 
variations are comparable to the accuracy of the alignment 
measurements. The chambers operate with a gas composed of 
54 percent Argon, 39 percent isobutane ( CH(CH^)^ ) and 7 
17 
Table 2.1. Summary of wire chambers in the SFM detector 
Number of wire planes 
Vertical (V) 
Horizontal (H) 
Inclined (I) 
Wire 
Spacing 
(mm) 
Inde: H 
109,209 
100 .200  
101,102,201,202 
500,600 
310.320 
311.321 
312.322 
313.323 
314,414 
324,424 
315.325 
316.326 
317.327 
,410,420 
,411,421 
,412,422 
,413,423 
,415,425 
,416,426 
,417,427 
350,450,360,460 
300,301,400,401 
302,303,402,403 
4 
1 
5 
3 
2 
2 
2 
1 
4 
1 
4 
3 
2 
2 
2 
1 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 
2 
2 
2 
4 
4 
4 
Compensator magnets 
403 402 401 400 
202 
201 
200 
Interbeam-line chambers 
300 301 302 303 
A24 «3 n 205 324 
2 
•CH 
c 
412 411 410 
415 414 
Cerenkov counter 
413 
109 
100 
101 
102 
O 
H3 
310 311 312 
313 314 
315 
327 
CD 
Figure 2.3. Layout of wire chambers In the SFM 
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percent methylal ( CH^fCH^OH)^ ). Flow rates are between 80 
and 200 cm^/minute/chamber. Separate high voltage supplies 
are provided for every 3 to 4 gaps. Normal operating 
voltage is 3.5 to 5.1 kV with current limiters to prevent 
discharges. 
Each sense wire has a preamplifier followed by 66 m of 
twisted pair cable to the control room. Each signal is then 
discriminated. A 2 mV level is used for the forward regions 
and 0.35 mV for the central. These signals are then grouped 
by chamber and "or"ed together. This forms the fast-OR 
(FOR) signal which enters into the first level trigger. 
Next, the sicmal is delayed 490 ns to wait for the decision 
of the first level trigger. The chambers remain active and 
additional FOR's may be generated during this time. If the 
first level trigger decision is positive, then a strobe is 
generated to coincide with the end of the 490 ns delay. 
This strobe signal latches the chamber data. Depending on 
the results of higher level triggers these data may either 
be read out or cleared. 
2.2.4. The Cerenkov counter 
A Cerenkov counter positioned 10 degrees from the 
outgoing beam was used to identify trigger particles [Meyer 
19803. The radiating region of this counter is 
20 
approximately one meter loner and begins inside the split 
field magnet's gap. CerenJcov light from a charged particle 
passing through this region strikes one of two cylindrical 
mirrors. These mirrors direct the Cerenkov light away from 
the plane of the beams and into the photomultiplier banks 
via a flat mirror. The cylindrical mirror is 120 by 70 cm 
with a radius of curvature of 240 cm. The flat mirrors 
measure 95 by 45 cm. In the construction of this counter, 
the mirrors were positioned using a laser. Each 
photomultiplier tube has a reflecting cone with a ten 
centimeter square opening to direct light into the circular 
aperture of the tube. These are arranged in two arrays of 
two by eight. Figure 2.4 shows the layout of the mirrors 
and photomultiplier tubes of the Cerenkov counter. Freon 
114, with an index of refraction of 1.00135, is used as the 
Cerenkov gas. This gas gives thresholds for the pion, kaon, 
and proton of 2.58, 9.52, and 18.05 GeV, respectively. The 
maximum angle for emission of Cerenkov light is 0.0519 
radians. 
Because this counter is used to reiect 95 percent of the 
events by identifying the trigger particle as a pion (rather 
than the desired kaon) much attention is paid to acceptance 
and alignment. If only one percent of the charged particles 
were to pass through a region of zero efficiency, this would 
cause the final kaon data sample to contain 15 percent 
21 
Front Face 
Secondary Mirror 
Light Catchers 
Primary Mirror 
Phototubes 
Light Catchers 
Secondary Mirror 
Primary Mirror 
Beam Plane 
Front Face 
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pions. After the initial construction and alignment, the 
positions and angles were measured by hand. These 
measurements were later refined using actual pion data to 
determine the active regions of the Cerenkov counter. 
The counter is designed such that the cylindrical 
mirrors meet at the beam plane. Cerenkov light incident on 
this plane would thus be split and dispersed by the edges of 
the primary mirror. This creates a region of lower Cerenkov 
efficiency which must be accounted for in the analysis. To 
locate and estimate the size of this region, the frequency 
with which a phototube fires was plotted as a function of 
vertical position of the incoming particle. Figure 2.5 
shows two of the plots used in this alignment. A check of 
the horizontal position was also done, but this positioning 
is much less critical and was found to be quite acceptable. 
For each charged particle track, the acceptance program 
creates rays along the radiating length of the track. These 
rays are traced through the Cerenkov counter to the 
photomultipliers. The number of rays which enter the 
photomultipliers determine the acceptance for that track. 
For this procedure to work, the angles of the mirrors must 
be accurately determined. This was done by again using the 
pion data sample. The phototubes are arranged into two rows 
of eight such that changing the angle of the primary mirror 
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sweeps the light across these rows. Thus, to determine the 
true angle, the angle in the program was adjusted until the 
predicted frequency of hits in each row matched the observed 
frequency. The adjustments were of the order of 0.2 
degrees, about what would be expected of hand measurements. 
The acceptance program locates which phototubes should 
receive Cerenkov light produced by the track in question. 
To obtain the maximum information from the data, we combined 
the output from only those phototubes thus identified by the 
rav tracing program. Before combining the data from 
different phototubes, they must be adjusted to compensate 
for the different gains and pedestals of each 
photomultiplier. Each pedestal was measured at the center 
of the pedestal distribution. Next the output of each tube, 
normalized by the number of rays traced to the tube, was 
plotted tube by tube for events for which the tube had good 
acceptance. Events with a very large or very small number 
of rays traced to the phototube were discarded. Two of 
these plots can be seen in Figure 2.6. The mean of this 
distribution was used as the gain for the given phototube. 
Finally, the adlusted outputs are summed and normalized by 
the total number of rays accepted to produce the Cerenkov 
response for the given track. Figure 2.7 shows the response 
of the whole Cerenkov counter for a sample of tracks 
containing both K and it candidates. 
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2.2.5. The trlacrerina system 
In this experiment, we are searching for a very rare 
process. Of the events occurring in the interaction region 
of the gFM. only one in 10,000 will have a particle entering 
the Cerenkov counter with the correct charge and a momentum 
vector within the desired range. Further, onlv three 
percent of these events will be the K we wish to collect. 
This means that if we selected events at random we would 
need to sort through 300,000 events (10 high density data 
tapes) for each event we would want in our final sample. 
This is clearly impractical. One of the major functions of 
the triggering system is to discard events not of interest 
to the experimenter. In this experiment, the trigger 
enriches the recorded data by a factor of 10,000. Thus, in 
offline analysis, one event in 30 is kept for the final 
sample of events. 
The triaaering system achieves this enrichment of the 
recorded data by applying various simple tests to an event 
before it can be recorded tBell et al. 19753. Each of these 
tests are beoun when the event is first received from the 
detector. The first test in time takes less than 500 
nanoseconds to perform. This test simply requires that some 
activity occur in each of the wire chambers covering a 
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specified trigger area. If this test fails, then all other 
tests are aborted and the event cleared from the system. 
The next level trigger, takes a closer look at the data 
from the trigger chambers. The data from ail wire chambers 
are organized into wire groups. Each group represents 16 
wires in the system of chambers < 32 wires in some chambers). 
If one wire in a group fires, indicating that a particle 
passed near that wire, then for triggering purposes that 
entire group is regarded as having fired. For this level 
trigger several set? of groups, called roads, are specified. 
Each road specifies a path in the detector aioncr which a 
trigger particle is expected to travel. This level trigger 
requires that all the groups in least one of several 
possible roads fire. These roads are determined by offline 
analysis in such a way as to cause the roads to select the 
desired kinematic range of the trigger particles. In this 
experiment, the roads selected particles in the acceptance 
of the Cerenkov counter. This test takes about 1 
microsecond to perform. 
The last level test is performed by a computer which 
takes the data from the chamber region and does a 
calculation similar to the earliest stages of the offline 
reconstruction program [Norton 19793. This test attempts to 
screen out events in which more that one track in the 
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trigger region causes a road to be satisfied. This test 
takes about 1 millisecond to perform. 
The trigger described above reduces the event rate from 
the raw value of 1 MHz to about 100 Hz. However, the data 
acquisition computer is able to write events at a maximum 
rate of about so Hz, so some "good" events are lost. The 
dead time of the detector system with the data acquisition 
computer on is 75 percent (in other words the detector 
svstem was ready to take a new event only 25 percent of the 
time". Most of this dead time is caused by the limited 
speed of the data acquisition computer. 
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3. DATA TAKING 
Data were taken with this trigger in three different 
periods. The first period was ISR run 1201 on June 4 
through June 11, 1981, and the second period was ISR runs 
1210,1211,1214-, and 1216 which spanned August 15 through 
September 9, 1981. A total of 108 magnetic data tapes were 
taken in the first period and 209 in the second. During 
these two time periods, the efficiency in a chamber near the 
triorger region had decreased seriously and therefore these 
data will require additional attention in analysis. Data 
without this problem were collected in ISR run 1233 on 
November 25 through 29 in 1981. The malority of the data 
used in this analysis come from this third data sample of 
104 magnetic tapes which contain a total of more than three 
million events. 
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4. PROGRAMS AND RECONSTRUCTION 
4.1. Event Selection 
The objective of selection is to locate the events 
recorded on magnetic tape which contain a good K trigger 
particle before reconstructing the entire event. This is 
necessary because only about three percent of the recorded 
events have good K trigger particles, and we do not want to 
spend the computer time necessary to fully reconstruct all 
recorded events. To achieve this selection, the 
track-finding program used for full reconstructions is used 
by restricting it to finding tracks only in the kinematic 
region of the trigger track. "WTRA" is the name given to a 
particular type of data set which describes to the program 
how to find tracks in one small region of the detector. For 
complete reconstruction, a large number of WTRAs are used to 
blanket the entire detector. For the selection step in this 
experiment, a special WTRA, 4154, was created in order to 
match the acceptance of the Cerenkov counter. 
The program TULIP is the steering program for the 
track-finding stage in the full reconstruction program. For 
selectina event with K particles, this program is used by 
restricting it to only one pass through the wire chamber 
data and to only the WTRA 4154. Normally, for full event 
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reconstruction, there are four passes made through the data, 
using approximately 60 WTRAs. Next, the Cerenkov program is 
called to determine if this track candidate could be in the 
active region of the Cerenkov counter. If affirmative, then 
the program SPLINE is called to refine the track parameters 
and the Cerenkov program is called again to make a final 
determination (using the newly corrected track parameters) 
of whether the track made by a K , ir~, or if this is 
ambiguous. Events which are identified as K are put into 
the output stream for full reconstruction later. 
In this experiment, the selection of events was done on 
a 168E computer emulator built by the CERN DD division. 
This computer emulates the full instruction set of an IBM 
168 computer. Although the 168E emulator is somewhat slower 
than the IBM 168 and restricted in its I/O capabilities, it 
is Inexpensive enough that several can be organized into a 
cluster. This allows up to three of these units to work 
simultaneously on the same input stream of events. Each 
cluster was built around a PDF 11/40 on the CERN computer 
network. The PDP 11/40 controlled the data flow both to and 
from the emulator clusters. À program on one of the CERN 
mainframe computers compiles the selection program for the 
emulator and sends it over the network to the PDP 11/40 
which then loads it into all of the emulators In the 
cluster. The program on the mainframe reads events from the 
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data tapes and sends them to the PDP 11/40. The PDP 11/40 
maintains a stack of events waiting to be processed. As 
soon as an emulator becomes idle a new event is dispatched 
to it. Selected events which pass the tests for K~ as 
described above are then sent back over the network to the 
mainframe bv the PDP 11/40 to be written onto the output 
tape. The PDP 11/40 also maintains a stack of output events 
in order to preserve the original order of the event stream. 
This s'^stem works well provided that the traction of the raw 
events selected for output is small <less than 5 percent). 
Typically, data from each ISR physics run (about 30,000 
events) were broken into three pieces of about 10,000 events 
each. Each part took about 1.2 hours to select on a two 
emulator cluster. This dividing of data was deemed 
desirable due to the modest reliability of the emulators. 
Data from the 104 ISR physics runs from the last running 
period were selected in this way. 
4.2. Event Reconstruction 
The full reconstruction program uses the data from the 
detector to determine as many of the physical 
characteristics of each event as possible. First, the 
tracks of all the charged particles leaving the interaction 
reaion are Located and measured. Next, the vertex is found 
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using a selected set of these tracks. Then as many tracks 
of the remaining tracks as possible are associated, with the 
vertex. Finallyr the tracks are extrapolated outwards to 
determine their intersections with the Cerenkov counters. 
As mentioned in the previous section, the program TULIP 
is the steering program for the track-finding stage of the 
reconstruction. Eventually, TULIP will make a total of four 
passes through the chamber data, searching for tracks. 'ITie 
first pass uses all 57 WTRAs to look for "perfect" tracks. 
These "perfect" tracks are tracks in which the charged 
particle has triggered all of the chambers through which it 
had passed. The chambers are very efficient but not perfect 
so a second pass through the data is made in which a small 
number of untriggered chambers are allowed. The allowed 
number and position of these misses are specified by data in 
the WTPA. Thi3 two pass system is beneficial because the 
data used by tracks in the first pass are flagged to 
indicate that they have been used. These flags are then 
used in the second pass to reduce the number of combinations 
which need to be examined. 
The WTRA is used to find a set of space points which 
could all belong to one track. This set of points is called 
a "track candidate". If the track candidate contains too 
manv points in common with a previously found track, the 
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candidate is discarded at this level. After each track 
candidate is found it is passed on to a subroutine called 
SPLINE CDriiard 1976, Norton and Delia Negra 19761. This 
routine effectively does a quintic spline fit to the 
measured points. ITiis fit can be better described as a 
cubic spline fit to the curvature of the track as determined 
by the local magnetic field along the track and the momentum 
of the track. This procedure has the effect of refinina the 
measurement of the momentum, position, and direction of the 
track. 
Ne%t the vertex is located. This is done by doing ?. 
chl-squared minimization using ail the tracks in the event 
with a relative error in the momentum measurement of less 
than 0.3. If there are too few tracks to perform this fit, 
then ail the tracks are included. If the chi-sguare of the 
fit is unacceptable (probability associated with the 
chi-square and number of degrees of freedom is less than 
0.001>, then the track with the largest contribution is 
discarded and the fit is retried. This process is repeated 
until insufficient tracks remain or an acceptable vertex is 
found. 
Once a vertex has been located, it can be used as 
additional information for the track-finding program. Thus 
two more passes through the data are done using the vertex 
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information. Finally, tracks which for one or another 
reason are not yet associated with the vertex are refit by 
SPLINE to includc the vertex point. This fit may or may not 
be successful 'x" < 10.0). Tracks which fail to fit with 
the vertex point are presumed not to originate from the 
vertex. These trades are caused by particles that were 
created either in secondarv interactions with material from 
the detector or in the decays of long lived particles from 
the primary interaction. 
The reconstruction of all the events used in this 
analysis was done with the High Energy Physics VAX 11/780 
computer at Ames Laboratory. The average time to 
reconstruct an event is about 68 seconds on the VAX 11/780. 
More that 160,000 events were reconstructed, requiring 3,000 
hours of computer time. This work was done during several 
periods between the fall of 1983 and the spring of 1984. 
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5. ANALYSIS 
5.1. D* Signals 
Figure 5.1 shows the results of plotting the Q-value for 
the D*"*" decay to This 0-value is defined as M(K 
- where the symbol M() is used to denote 
the invariant mass of the particles indicated. To calculate 
this 0-value, the four-momentum of the triggering K is 
combined in turn with the four-momentum of each positively 
charged particle 'which is assumed to be a pion) to produce 
the invariant mass of the K ir system. Combinations of K ir 
whose mass tails within 160 Mev of the D'^ mass \ 1864.7 MeV) 
are then subjected to a kinematic fit to the D'^ mass LBercre 
et al. 1961]. This fit uses the full error matrix of the K 
and ir'*' trajectories, even though the error in magnitude of 
the momentum is the dominant element of the matrix in each 
case. The fit constrains the invariant mass of the K ir""" 
combination to be precisely the D° mass. The four-momenta 
of these D° candidates are then combined with the 
four-momenta of all of the remaining positive particles 
whose measured momentum resolution, dp/p, is less than 0.3 
to form all possible D^it^ combinations. The mass and the 
mass of a charaed plon are then subtracted from the 
three-body invariant mass to form the Q-value. 
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The plot shown in Figure 5 . 2  is identical to that shown 
in Figure 5.1 except that an additional cut on the cosine of 
the D° decay angle has been made. This decay angle, 0, is 
defined as the angle between the triggering K momentum in 
the D° rest frame and the D° momentum itself in the 
laboratory frame. Since the D° K~ir^ decay is S-wave, we 
would expect, in a detector with perfect acceptance, a flat 
distribution in cosine ©. In our case, the trigger 
requirements on the K necessarily result in a biased 
momentum distribution for the K~ and hence a non-flat 
distribution in cosine ô. Nevertheless, the true 
distribution in this angle is unbiased and we can compensate 
for the bias introduced by the K~ momentum distribution with 
Monte Carlo techniques described later. By discarding the 
combinations with the cosine of the decay angle above 0.95 
or below -0.55, we estimate that 41.5 percent of all 
combinations are removed. From Monte Carlo calculations, we 
estimate that only 6.72 percent of the valid 
combinations are lost. These cuts were chosen using the 
Monte Carlo analysis and the data to estimate the signal to 
background ratio as a function of cosine Ô. Then, these 
cuts were chosen to select a reaion in cosine 0 where the 
sicmal to background ratio exceeded a chosen value. In both 
of these figures, the signal for D* -* D°ir appears as the 
peak at verv low 0-values. 
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The background to this sionai is estimated by 
fitting a polynomial to the data in the fiaures over the 
0-valuo range from 0 to 40 Mev, omitting the 3 to b Mev 
region where we expect the signal. The polynomial is chosen 
with the constant term equal to zero to force the fit to 
pass through origin. The higher order terras of the 
polynomial are included until an acceptable fit is found. 
The best fit is achieved with a straight line, passing 
through zero at a Q-value of zero. 
In the data of Figure 5.1, we count a total of 56 events 
in the 3 to 6 MeV range, 31.9 ± 0.7 of which are background. 
This yields a signal of 24.1 ± 7.5 events. In the data of 
Figure 5.2, we count a total of 42 events and a background 
of 17.4 t 0.5 events. This gives a signal of 24.6 ± 6.5 
events. If we now correct this signal for the losses from 
the cut in cosine •-). we obtain a signal of 26.4 ± 7.0 
events, in excellent agreement with the results from Figure 
5.1. 
Figure 5.3 shows the same data as Figure 5.1 with a more 
stringent cut in cosine 0. This cut discards 75 percent of 
the combinations and is expected to remove 28.6 percent of 
the signal. From this plot, we obtain a corrected signal of 
16.1 t 6.1 events. This is only about one standard 
deviation below the results obtained from Figures 5.1 and 
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5.2. For the remainder of this analysis, we will use the 
results from Figure 5.2 (26.4 ± 7.0 events). 
5.2. Acceptance Corrections 
The integrated luminosity during the physics runs was 
computed using some of the most stable data runs and then 
scaling up to the total of 97 successfully processed runs 
<seven runs were lost due to technical problems). This 
gives an integrated luminosity of 307 events/nb. The error 
in this number is estimated to be 5 to 10 percent due to 
uncertainties in the measurement of the instantaneous 
luminosity. This gives a cross section, uncorrected for 
acceptance, for D* production times the branching fractions 
for the decay and the D* — K decay of 0.0860 ± 
0.0227 nb. By uncorrected cross section, we mean that the 
K trigger requirements necessarily impose kinematic 
constraints on the accepted K~ particles and this has the 
effect of restricting the kinematic region over which we can 
observe D production. 
The trigger acceptance was computed using inclusive K~ 
and p production data from other experiments at the ISR 
CCapiluppi 19743. For this analysis, these invariant cross 
section data were fitted with an expression of the form 
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-3 3 ' a.Zp + bPj. + c ) 
EXd^o/d^p) = e ^ 
where Xp & or Feynman-x) is the longitudinal momentum of the 
particle scaled by its maximum possible value and is the 
magnitude of the particle's transverse momentum. The data 
and the results of the fit are shown in Figures 5.4 and 5.5. 
Using this parameterization of the data, an acceptance table 
was computed in Xp and P^. The table used in this analysis 
contained 40 divisions in Xp from 0.2 to 0.6 and 50 
divisions in from 0.0 to 2.0 GeV. For each <XF. Pt' bin 
in the table, the number of K and p events expected was 
computed from the parameterization of the invariant cross 
section data and the integrated luminosity of this 
experiment. This number of events was then divided into the 
number of events observed in that bin. Statistical errors 
were computed for use in the Monte Carlo studies described 
later. À reduced version of this table is shown in 
Table 5.1. The statistical errors in the data shown are 
less than the accuracy of the numbers shown in the table. 
The low absolute values of the acceptance reflect both the 
low acceptance of the trigger roads and the small geometric 
acceptance of the CerenJcov counter. 
An additional problem with this analysis is the fact 
that the Cerenkov counter can only distinguish pions from 
heavier particles. It cannot distinguish between kaons and 
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Table 5.1. Acceptance in percent for K Trigger 
0. 00 0. 20 0. 40 0. 
p 
60 
J. in GeV 
0.80 1.00 1. 20 1. 40 1. 60 1. 80 
Xp 
. 20 0. 00 0. 01 0. 10 0. 17 0.03 0.00 0. 00 0. 00 0. 00 0. 00 
.24 0. 00 0. 00 0. 09 0. 52 0.48 0.16 0. 00 0. 00 0. 00 0. 00 
00 
0. 00 0. 00 0. 03 0. 44 1.23 0.86 0. 37 0. 05 0. 00 0. 00 
.32 0. 00 0. 00 0. 01 0. 11 0.60 1.15 0. 71 0. 39 0. 12 0. 00 
.36 0. 00 0. 00 0. 00 0. 04 0.20 0.48 0. 83 0. 60 0. 31 0. 19 
.40 0. 00 0. 00 0. 00 0. 01 0.07 0.27 0. 35 0. 57 0. 49 0. 35 
.44 0. 00 0. 00 0. 00 0. 00 0.04 0.11 0. 27 0. 36 0. 50 0. 44 
00
 
0. 00 0. 00 0. 00 0. 00 0.02 0.08 0. 14 0. 22 0. 24 0. 42 
.52 0. 00 0. 00 0. 00 0. 00 0.00 0.04 0. 10 0. 15 0. 26 0. 19 
.56 0. 00 0. 00 0. 00 0. 00 0.00 0.01 0. 03 0. 02 0. 04 0. 07 
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antiprotons. Thus, the sample we have labeled K contains 
contamination by antiprotons. This contamination will 
result in background combinations in Figures 5.1, 5.2, and 
5.3. The inclusive cross section data of Ficrures 5.4 and 
5.5 also give us the K~ and p ratio for each value of Xp 
and used in the acceptance table. By using this ratio 
and the data in each Xp and bin, we estimate the 
antiproton content of our data sample to be at most 35 
percent. 
Some D*, which are produced in the interaction and decay 
to will not be observed because the momentum vector 
of the K ~  from this decay will be outside the kinematic 
acceptance of the trigger. The momentum vector of the K is 
determined by the Xp and of the D* produced in the 
interaction and the kinematic details of its decay into 
K The events which appear in the siomal shown in 
Ficrure 5.1 were produced with Xp in the range 0.23 to 0.7 
and P^ in the range 0.3 to 2.0 GeV/c. Presumably, the 
efficiency for observing D produced within this range is 
less than perfect and the D* is produced at some rate over 
the full range of Xp and P^. This correction to the data 
for these losses is the D* acceptance. 
To compute the D* acceptance, a Monte Carlo technique 
was used. We randomly generated D* events assuming various 
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Xp and production distributions for the D . Then, the 
generated D* were allowed to decay via and D° 
K The probability of observing the final K according 
to the acceptance table was then tabulated. The Xp and 
distributions of the other pions were compiled and weighted 
by the probability of observing the K~. To save computer 
time, the D* events were generated by the Monte Carlo 
program only in the range from zero to one in Xp, rather 
than the full range of minus one to plus one. The numbers 
presented in Table 5.2 have been corrected for this 
restricted rsmge. 
The D* acceptance is relatively insensitive to the 
production distribution of the D* but is somewhat 
sensitive to the production Xp distribution of the D . 
Table 5.2 shows these results in tabular form. Some other 
data LReucroft 19833 indicate that a function of the form 
-l.lPj 
is consistent with the P^ distribution for D* production, 
and that the function il-Xp)^*® is consistent with the Xp 
dependence of production. 
The D* acceptance numbers shown in Table 5.2 are based 
only on the acceptance of the trigger track. The same Monte 
Carlo program gives us information about the other tracks 
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required to see the D*. Kinematics of the decay confine the 
* * 0 + 
momentum of the pion from the D decay (D D ir ) to 
between 0.4 and 2.0 GeV. The Xp and of this particle are 
similarly confined to the range 0.01 to 0.07 in Xp# and 0.03 
to 0.4 GeV in P^. The momentum of the pion from the D° 
decay (D° shows a very broad distribution which 
peaks around 0.8 GeV and has only 4 percent of its area 
above 10 Gev and 4 percent below 300 MeV. After comparing 
these distributions to the data, we conclude that we do not 
expect any significant corrections due to pions emerging 
outside of the SFM acceptance. 
5.3. Cross Section Estimates 
We have measured D* production in only a narrow 
kinematic region and in order to estimate the total cross 
section for D* production we must select a model for the 
production distributions of the D* in the variables Xp and 
P|.. For the purposes of this discussion, we shall use the 
first model listed in Taible 5.2. For this model, we obtain 
0.534 ± 0.141 \xb for the acceptance-corrected total cross 
times the branching fraction. This number is calculated 
using the results from Figure 5.2 and includes a factor of 
two to expand the acceptance to full range in Xp as 
discussed above. 
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Table 5.2. Summary of Monte Carlo calculations of D 
acceptance for various Xp, distributions 
d^N acceptance 6.a(D*' 
dXpdP^ . (X 10*^ (nb ) 
< 1-Xp )3 P,e-Pt 1.61 534 
( 1-Xp e-2Pt 1.61 534 
( 1-Xp e-2"8Pt 1.63 527 
( 1-Xp )3 Pte-0'5Pt 1.42 605 
<1-Xp )3 1.68 512 
1 1-Xp )2 2.38 361 
'• 1-Zp ,1 Pt»-Pt 3.42 251 
<• 1-Xp P,e-Pt 4.83 178 
( 1-Xp e-2Pt 4.92 175 
( 1-Xp e-2.aPt 5.00 172 
To correct for the fact that not ail D decay through 
the channels we observe, we must divide by the branching 
fractions of the modes we do observe. Using Table 1.2, we 
obtain B(D** -» D°w*)B(D° -» K'-ir"*") = 1.54 ± 0.37 percent for 
the product of the branching fractions in question. This 
gives a result of 34.7 ± 12.4 ub for the production cross 
section of the D*. The error indicated reflects only the 
statistical error in the signal and the large uncertainty in 
the branching fractions. This error is at the level of 35 
percent and will not be affected by inclusion of other 
significantly smaller errors. Further, it is worth noting 
that the error in the branching fraction is almost the same 
as that of the signal. Thus, in the limit of infinite 
statistics the error in the production cross section would 
only be reduced to 25 percent, which is the error in the 
branching fraction. 
At the start of this section, we chose a model for D* 
production. The results from using this model can simply be 
scaled with the data from Table 5.2 to give the results for 
other models. For example, the last model listed in the 
table will give the lowest cross section estimate of 11.2 ± 
4.0 jjb by this method. The "best" model, as discussed in 
section 5.2, gives a cross section estimate of 23.5 ± 
8.4 yb. Not all the models listed in Table 5.2 are 
realistic. 
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6. CONCLUSIONS 
Charm meson production has been observed in 
proton-proton interactions at the ISP.. The strong decay D*"*" 
followed by the weak decay D° — K is observed. 
Both the D* and D mesons contain a charm quark. In order to 
calculate the cross section for D* production, corrections 
have been made to compensate for the restricted kinematic 
range over which the is observed in this experiment. 
Using a model consistent with published data, we obtain a 
result of 23.5 ± 8,4 ^b for the total production cross 
section of the D*^. Other models examined,some of which are 
not realistic, produced results from 11.2 ± 4.0 yb to 34.7 ± 
12.4 yb. 
This measurement is approximately the same as a 
measurement of the total DD production cross section at a 
lower energy made by another experiment CAguilar-Benitez et 
al. 19833. Even though the D° and are different 
particles, one would expect the production cross section of 
these particles to be similar, because they are near to each 
other in mass and have similar quark compositions. In 
addition, both cross sections are dominated by the rate at 
which a cc pair can be created, and both mesons contain a 
light antiquark. Furthermore, the ratio of D production to 
D* production has been measured experimentally to be 1.0 t 
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0.25 in e^e" interactions [Derrick et al. 19843. This 
resuit means that within the errors ail the D mesons 
produced in e e interactions are formed from the decay of 
D* mesons. This need not be the case in proton-proton 
interactions, but it is hard to see how the cross sections 
for D and D* production can be very different in 
proton-proton interactions. 
The situation is made more complex by the fact that two 
other experiments have measured the total production cross 
section for the D° in proton-proton interactions at the same 
energy as our measurement. They obtained a result which was 
more that ten times higher than our measurement of the D** 
production cross section CGeist 1982, Basile et al. 19813. 
Much controversy exists over those two measurements CKernan 
and VanDalen 1984, Treille 19813. If the much higher cross 
sections of those two measurements are correct, then the 
charm production cross section would have to rise much more 
rapidly than expected for an increase from Fermilab to ISR 
energies. Furthermore, if the higher cross sections of 
those two experiments were correct then the semileptonic 
decay of the D° and D"^ mesons, e.g. D° e^v^vo would 
produce a flux of electrons greater than observed in those 
and other experiments. This would not leave room for other 
processes which are expected to produce significant numbers 
of electrons. Our measurement provides a possible 
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resolution to this problem. This situation is illustrated 
in Figure 1.1. 
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